The contribution of membrane lipids, particularly the level of unsaturation of fatty acids, to chilling sensitivity of plants has been intensively discussed for many years. We have demonstrated that the chilling sensitivity can be manipulated by modulating levels of unsaturation of fatty acids of membrane lipids by the action of acyl-lipid desaturases and glycerol-3-phosphate acyltransferase. This review covers recent studies on genetic manipulation of these enzymes in transgenic tobacco and cyanobacteria with special emphasis on the crucial importance of the unsaturation of membrane lipids in protecting the photosynthetic machinery from photoinhibition under cold conditions. Furthermore, we review the molecular mechanism of temperature-induced desaturation of fatty acids and introduce our hypothesis that changes in the membrane fluidity is the initial event of the expression of desaturase genes.
INTRODUCTION
Chilling sensitivity is manifested by certain plants whose germination, growth, development of reproductive organs, and postharvest longevity are restricted within a range of chilling temperatures from 0°C (nonfreezing) to about 15°C (68, 148) . Certain stages in the life cycle of a plant are more sensitive to chilling than are other stages of development. For example, seedlings appear to be more susceptible to chilling than plants at advanced stages of development (68) , and the maturation of pollen is the process that is the most sensitive to chilling temperatures during the entire life cycle of chilling-sensitive plants (97, 112) .
In the past several decades, extensive attention has been paid to the molecular mechanisms of the chilling sensitivity of plants (68, 148) because of the agricultural demands for improvements in the chilling tolerance of horticultural crops. In particular, the role of the unsaturation of membrane lipids in tolerance of plants to chilling has been discussed for many years. In 1973, Lyons (68) and Raison (100) first proposed the hypothesis that the thermotropic phase transition of membrane lipids might play an initiative role in the chilling sensitivity of plants. With further exposure to chilling, the phase-separated biomembranes become incapable of maintaining ionic gradients and cellular metabolism becomes disrupted, with the death of plant cells being the final result (77) . The occurrence of phase separation as the initial event in chilling injury has been demonstrated in the unicellular cyanobacterium Anacystis nidulans (80) . However, because plant cells contain high levels of polyunsaturated fatty acids in their membranes, it has been argued that the chilling-induced phase transition would not occur in lipids in intact membranes. In our previous work (76, 82) , we found a positive correlation between the chilling sensitivity of herbaceous plants and the level of saturated and trans-monounsaturated molecular species of phosphatidylglycerol (PG), which are also termed "high-melting point molecular species" in thylakoid membranes. A similar correlation was observed in other herbaceous plants (6, 64, 105), alpine plants (18), and woody plants (137) . However, such studies do not indicate more than a correlation, and there remains the question of whether these high-melting point molecular species are directly related to the chilling sensitivity of plants.
In recent years, there have been extensive advances in our understanding of the regulation of the unsaturation of the membrane lipids of plants and cyanobacteria. The successful genetic manipulation of enzymes responsible for the biosynthesis (126) and desaturation (83) of fatty acids has been achieved, as well as the isolation of mutants with defective enzymes (8, 129) . In this context, the roles of the unsaturation of membrane lipids in tolerance and response to low temperature have been reexamined using transgenic and mutant strains. In this review, we briefly summarize recent progress in the genetic manipulation of acyltransferases and acyl-lipid desaturases in transgenic plants and cyanobacteria and effects of lipid changes caused by transformation on the chilling sensitivity. It appears that the unsaturation of lipids in thylakoid membranes protects the photosynthetic machinery from photoinhibition at low temperature. We also review the molecular mechanisms of desaturation of fatty acids in response to low temperature and introduce our hypothesis that changes in membrane fluidity are the initial events that lead to the expression of desaturases.
UNSATURATION OF FATTY ACIDS AND CHILLING SENSITIVITY
It has been well-established in a wide range of organisms, such as microorganisms, plants, and poikilotherms, that the level of unsaturated fatty acids in the glycerolipids of membranes changes with changes in growth temperature (14) . A downward shift in growth temperature generally increases the degree of unsaturation of membrane lipids. By measuring a number of physical parameters that define the thermal motility of lipid molecules, such an increase in the degree of unsaturation of membrane lipids can be demonstrated to compensate for the decrease in the fluidity of membrane lipids that is brought about by the downward shift in temperature (15, 101). The increase in the degree of unsaturation of membrane lipids is also correlated with the sustained activity of membrane-bound enzymes at lower temperature (100, 101) . Thus, the unsaturation of membrane lipids is considered to be one of the most critical parameters for the functioning of biological membranes and, therefore, for the survival of organisms at lower temperatures (15).
The above argument might, however, be invalid because low temperature induces a number of other changes in cellular metabolism, e.g. in protein synthesis (13, 34, 72) and in the levels of expression of a number of novel genes, the so-called cold-inducible genes or cold-responsive genes (10, 11, 27,  28, 44, 45, 58, 60, 61, 72a,b, 86, 92, 93, 96, 108, 113, 114, 150, 151, 153, 154) . Therefore, to evaluate the role of unsaturated fatty acids in cold tolerance, it is essential to manipulate the level of unsaturated fatty acids independently of low temperature, as has recently been achieved both by manipulating the genes in question (57, 79, 83, 155) and also by creating mutant strains that are partially defective in cellular lipid metabolism (8).
ENZYMES INVOLVED IN THE REGULATION OF FATTY ACID UNSATURATION

Biosynthesis of Lipids
Before attempts can be made to manipulate the unsaturation of fatty acids, it is necessary to understand the biosynthetic pathway and the enzymes involved in the biosynthesis and desaturation of fatty acids. In plant cells, saturated fatty acids are synthesized within plastids (133, 135) . The major reactions are catalyzed by members of the so-called type II fatty acid synthase system (36) , which consists of multiple enzymes that are required for fatty acid biosynthesis and which requires a protein cofactor, acyl-carrier protein (ACP). In contrast with the bacterial type II fatty acid synthase system in Escherichia coli, the fatty acid synthase system of plastids cannot produce unsaturated fatty acids as products of reactions that lead to fatty acid synthesis de novo (69) . Palmitoyl-ACP (16:0-ACP) and stearoyl-ACP (18:0-ACP) are synthesized by this system as two major and key substrates for further metabolism.
The biosynthesis of unsaturated fatty acids in plant cells has been reviewed elsewhere (8, 36, 50) . In the first committed step toward the biosynthesis of C18-unsaturated fatty acids, plant cells convert 18:0-ACP to oleoyl-ACP (18:1-ACP) in a reaction catalyzed by stearoyl-ACP desaturase in plastids (50, 133) . By contrast, 16:0-ACP is not a good substrate for the stearoyl-ACP desaturase. Further desaturation of 18:1(9) into polyunsaturated fatty acids is catalyzed by acyl-lipid desaturases once the fatty acids have been esterified on glycerolipids (83, 117) . Therefore, in plant cells, the level of polyunsaturated fatty acids in the membrane lipids depends to a considerable extent on the activities of acyl-lipid desaturases.
Fatty acids are incorporated into glycerolipids via the stepwise esterification of glycerol 3-phosphate (106) . The reaction is catalyzed by glycerol-3-phosphate acyltransferase (GPAT) and 1-acylglycerol-3-phosphate acyltransferase (106) . The phosphatidic acid produced is a common precursor to cellular glycerolipids. Plant cells contain separate sets of acyltransferases in the endoplasmic reticulum (ER), chloroplasts (or plastids), and mitochondria. Once fatty acids have been esterified to the sn-1 and sn-2 positions in phosphatidic acid, they are hardly ever reorganized by the further metabolism of glycerolipids in plant cells (106) . Furthermore, in plant cells, saturated fatty acids esterified on the glycerol backbone of most lipids cannot be desaturated (81) . Thus, the specificities of the acyltransferases to fatty acids and to the sn-positions of the glycerol backbone become key factors in the regulation of the levels of unsaturated molecular species of glycerolipids. In plastids, the sn-2 position of glycerol 3-phosphate is exclusively esterified with 16:0 (106), and levels of high-melting-point molecular species of PG are regulated by the specificity to fatty acids of the GPAT in the plastids (23, 24).
In cyanobacterial cells, fatty acids are synthesized via a mechanism similar to that in the cells of higher plants (80) . 16:0-ACP and 18:0-ACP are synthesized as end-products by the fatty acid synthase system (62, 63, 130, 131) . Neither acyl-ACP desaturase nor acyl-ACP hydrolase has been found in cyanobacterial cells. The acyl groups of acyl-ACPs are directly incorporated into glycerolipids by acyltransferases and then converted to unsaturated fatty acids by acyl-lipid desaturases (83) . Thus, the levels of unsaturated fatty acids in the membrane lipids of cyanobacterial cells are determined exclusively by the acyl-lipid desaturases.
Acyltransferases
GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE IN THE PLASTIDS The GPAT in plastids is a nucleus-encoded stromal protein that utilizes acyl-ACP as a substrate in vivo. This enzyme in chilling-resistant plants, such as pea and spinach, is specific to 18:1-ACP (23, 24). By contrast, the enzyme in chillingsensitive plants, such as squash, utilizes both 18:1-ACP and 16:0-ACP as its substrate with a preference for unsaturated acyl-ACP. The enzyme was first purified to homogeneity from squash cotyledons (88) , and the cDNA for the precursor to this GPAT was isolated immunochemically from a cDNA expression library of squash cotyledons using antibodies raised against the purified protein (48). The gene and the cDNA of Arabidopsis thaliana for the precursor to GPAT were then isolated by heterologous hybridization (89) . To date, cDNAs for GPAT have also been isolated from cucumber (51) and French bean (24a), two chilling-sensitive plants, and from pea (149) and spinach (49) , two chilling-resistant plants.
GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE FROM ESCHERICHIA COLI This enzyme, encoded by the plsB gene (65) , is bound to the cytoplasmic membrane and utilizes both acyl-ACP and acyl-CoA as substrates (33) . It is selective for saturated acyl-ACP as compared to unsaturated acyl-ACP. As we discuss below, the level of unsaturated molecular species of PG can be successfully manipulated when the product of the plsB gene is targeted to the chloroplasts of Arabidopsis (155) .
Desaturases
Fatty acid desaturases play a central role in regulating the level of unsaturation of fatty acids in membrane lipids. The desaturases can be classified into three groups according to their specificities to the biochemical form of their fatty acid substrates, namely, acyl-lipid desaturases, acyl-ACP desaturases, and acyl-CoA desaturases (83) . Acyl-lipid desaturases, which are specific to fatty acids esterified to glycerolipids (50, 117, 147) , are most common in plants and cyanobacteria. They are transmembrane proteins in the ER and chloroplast membranes of plant cells (50) . The desaturase in the ER uses cytochrome b 5 as the electron donor (54, 128) , whereas the desaturases in chloroplasts and cyanobacteria use ferredoxin as the electron donor (119, 120, 147) . We demonstrated recently by immunogold labeling and electron microscopy that acyllipid desaturases are located in both the plasma and thylakoid membranes of the cells of Synechocystis sp. PCC6803 (L Mustardy, D Los, Z Gombos & N Murata, unpublished information). Acyl-ACP desaturases are present in the stroma of plastids (70) but have not been found in cyanobacteria (62, 131) . Neither plants nor cyanobacteria contains acyl-CoA desaturases (42) .
Each desaturase introduces a double bond into fatty acids specifically at the specific ∆ (counting from the carboxyl group) or ω (counting from the methyl end) position of the fatty-acyl chain and at specific sn positions of glycerides. The positional specificity of the desaturation of fatty acids in Synechocystis sp. PCC6803, as determined by feeding of cells with heptanoic acid (39) , revealed that this cyanobacterium contains four desaturases, which are designated ∆6, ∆9, ∆12, and ω3 acyl-lipid desaturases (39) .
ACYL-LIPID DESATURASES FROM CYANOBACTERIA The desA gene, which encodes a ∆12 acyl-lipid desaturase, was first isolated from a genomic library of Synechocystis sp. PCC6803 (142) by complementation (20) of a mutant, designated Fad12 (145) , that was unable to desaturate the ∆12 position of C18 fatty acids esterified at the sn-1 position of all classes of glycerolipids. The desA gene has also been isolated from other cyanobacterial strains, namely, Synechococcus sp. PCC7002 (111) , Synechocystis sp. PCC6714 (111) , Anabaena variabilis (111) , and Spirulina platensis (78) .
The desC gene, which encodes a ∆9 acyl-lipid desaturase, was found in the 5′ upstream region of the desA gene on the chromosome of A. variabilis (110) . The desC gene of Synechocystis sp. PCC6803 was then cloned by heterologous hybridization (110) . The deduced amino acid sequences of the products of those desC genes are about 25% identical to those of ∆9 acyl-CoA desaturases from rat (138) , mouse (52, 94) , and yeast (132) .
The desB gene, which encodes an ω3 acyl-lipid desaturase, has been cloned from a desA-depleted strain of Synechocystis sp. PCC6803 by heterologous hybridization with a probe derived from the desA gene (109). The desD gene, which encodes a ∆6 desaturase from Synechocystis sp. PCC6803, has been cloned (104) by a gain-of-function method using Anabaena sp. PCC7120, which does not contain a ∆6 desaturase. Table 1 summarizes the desaturases that have been cloned from cyanobacteria.
ACYL-LIPID DESATURASES FROM HIGHER PLANTS Acyl-lipid desaturases have also been cloned from several plant sources by different techniques, such as a cloning method based on the polymerase chain reaction (PCR) (118) with a primer designed by reference to the amino acid sequence of the purified protein (121), chromosome walking (3, 47), differential screening (158, 159) , and T-DNA tagging (21, 95, 157) ( Table 2 ). In contrast with these successful results, the molecular cloning of enzymes responsible for either the ∆3-trans-unsaturation of 16:0 esterified at the sn-2 position of PG or the ∆7 (ω9) unsaturation of 16:0 esterified at the sn-2 position of monogalactosyldiacylglycerol has not been successful.
ACYL-ACP DESATURASES FROM HIGHER PLANTS A ∆9
acyl-ACP desaturase (or stearoyl-ACP desaturase) was partially purified from maturing safflower seeds (70) and was purified to homogeneity from avocado mesocarp (123) and developing embryos of safflower seeds (140) . cDNAs encoding stearoyl-ACP desaturases have been isolated from castor bean (55, 123), saf- (78) flower seeds (140) , cucumber (122) , spinach (87) , Brassica rapa (56) , and Brassica napus (127) . The stearoyl-ACP desaturase of castor bean is detected as an active homodimer that contains four iron atoms when its cDNA is overexpressed in E. coli (22).
GENETIC MANIPULATION OF THE UNSATURATION OF MEMBRANE LIPIDS AND CHILLING SENSITIVITY
Overexpression of cDNA for Glycerol-3-Phosphate Acyltransferases in Tobacco Plants
CHANGES IN LEVEL OF UNSATURATED PG MOLECULAR SPECIES
The isolation of cDNA for the acyltransferase allows the selective manipulation of the unsaturation of fatty acids of PG. Tobacco is one of the most useful plants for the establishment of transgenic plants (38) . In addition, both the chilling sensitivity and the extent of fatty acid saturation of PG in tobacco (157) plants are intermediate between those of squash and Arabidopsis. Therefore, we transformed tobacco plants with respect to these traits by inducing the overexpression of cDNAs for the plastid-located GPATs from squash and Arabidopsis (79) . The transformation of tobacco plants with cDNAs for GPATs from squash and Arabidopsis significantly altered the molecular species composition of PG ( Figure 1A ), but it did not significantly affect the relative composition of lipid classes or the fatty acid composition of the other glycerolipids. The level of cis-unsaturated molecular species of PG in tobacco leaves was 64% of the total molecular species of PG, whereas in leaves of transgenic tobacco plants transformed with pBI121 (the control plasmid), the cDNA for squash GPAT (pSQ), and the cDNA for Arabidopsis GPAT (pARA), it was 64%, 24%, and 72%, respectively. These results support our hypothesis that the GPAT in the plastids plays a major role in determining the level of cis-unsaturated molecular species of PG (76) .
CHILLING SENSITIVITY In transgenic tobacco plants that had been transformed with pBI121, pSQ, and pARA, the photosynthesis of leaf discs was inhibited by 25 ±11%, 88 ±12% and 7 ±3%, respectively, during incubation for 4 h at 1°C under strong illumination. Under similar conditions, photosynthesis of spinach and squash leaf discs was inhibited by 7% and 82%, respectively. These findings demonstrate that the chilling tolerance of tobacco with respect to leaf disc photosynthesis was enhanced by transformation with pARA while it was diminished by transformation with pSQ. The chilling sensitivity of intact plants has also been estimated directly by exposing plants in a plant box to a temperature of 1°C for 10 days under continuous illumination and then incubating them at 25°C for another two days. Chlorosis was observed in leaves from control (pBI121) and pSQ-transformed tobacco plants. These results demonstrate that the chilling sensitivity of tobacco leaves can be manipulated by use of GPAT, which alters the level of unsaturated molecular species of PG in chloroplasts.
SENSITIVITY TO HIGH TEMPERATURE The effect of suppressed levels of cis-unsaturated molecular species of PG on the stability of the photosystem II (PSII) complex was investigated with tobacco plants that had been transformed with pBI121 and pSQ (75) . No significant differences were found in the sensitivity to high temperature of the oxygen-evolving activity between the transformed plants. This result stands in marked contrast to the inferences made from results of some previous studies (98, 102) , in which the heat stability of the photosynthetic machinery increased in parallel with the saturation of fatty acids in the thylakoid membrane lipids. However, because such changes in the composition of membrane lipids in these studies were achieved by altering the growth temperature, which might also affect the levels of other cellular metabolites and enzymes, the proposal of a direct link between the changes in lipids and the thermal stability of photosynthetic activities seems unjustified.
Overexpression of the plsB Gene and Mutation of Fatty Acid Elongase in Arabidopsis
Wolter et al (155) succeeded in reducing the level of cis-unsaturated molecular species of PG by targeting the product of the plsB gene of E. coli to the chloroplasts of Arabidopsis. The level of cis-unsaturated molecular species in PG fell from 90% in the wild-type plants to <50% in the transgenic plants ( Figure 1B) . In this experiment, changes were also observed in the fatty acid composition-to a minor extent-in all the other glycerolipids. Arabidopsis plants transformed with the plsB gene exhibited a chilling-sensitive phenotype when they were incubated in darkness for seven days at 4°C and then returned to 20°C. Their older leaves wilted and became brown and necrotic after two days at 20°C. The chilling-sensitive phenotype was enhanced by light, and the plants under illumination started to wilt during incubation for three to four days at 4°C and eventually died. These observations provide further evidence for the contribution of the cis-unsaturated molecular species of PG in chloroplasts to the chilling tolerance of higher plants.
In contrast with the result of Wolter et al (155), Wu & Browse (156) reported that, in a fab1 mutant of Arabidopsis (defective in palmitoyl-ACP elongase and having, therefore, an elevated level of 16:0 in its cellular lipids), the level of cis-unsaturated molecular species of PG was greatly reduced from 91% in the wild-type plant to 57% in the mutant plant ( Figure 1B) . The wild-type plant and the fab1 mutant showed no differences in growth and in chilling injury when they were incubated at 2°C for seven days under continuous, moderately intense illumination (156) . Because chilling-sensitive plants, such as cucumber or mung bean, died under the same conditions, they implied that the level of unsaturated molecular species of PG would not be a major factor for defining the chilling resistance of plants, at least in Arabidopsis. However, their experiments also showed that the fab1 mutant plant displayed retardation of growth after incubation at 2°C under illumination for more than two weeks, and that the mutant plant eventually died after incubation for more than four weeks. Under these conditions the wild-type plant survived normally. As is discussed in a later section (Molecular Mechanism of Low-Temperature Photoinhibition Regulated by the Unsaturation of Membrane Lipids), we recently found that increased levels of cis-unsaturated molecular species of PG in transgenic tobacco relieve the photoinhibition of the photosystem II comlex at low temperature by accelerating a recovery process from the low-temperature-induced photoinactivated state. In such experiments, the intensity of light during incubation at low temperature plays a key role. When the intensity of light is relatively low as in experiments by Wu & Browse (156) , photoinhibition in vivo is not apparent.
Disruption of Genes for Desaturases in Synechocystis sp. PCC6803
DECREASE IN LEVELS OF POLYUNSATURATED FATTY ACIDS The cyanobacterium, Synechocystis sp. PCC6803, contains four desaturases that control the levels of polyunsaturated fatty acids in membrane lipids (84) . A great advantage to using this organism is that a specific function of a gene can be defined by use of the method known as insertional mutation (152) . Using this method, we created cyanobacterial strains with different levels of unsaturated fatty acids in their membrane lipids (109, 142, 144) . These strains allow us to examine the roles of the unsaturation of membrane lipids in various phenomena, such as growth, chilling tolerance, and temperature acclimation (29-32, 143) . Figure 2A shows a typical example of changes in levels of unsaturated molecular species of membrane lipids. In this experiment, the desA and desD genes of the wild-type strain of Synechocystis sp. PCC6803 were disrupted by inserting antibiotic-resistance gene cassettes (e.g. Km r , a kanamycin-resistance gene cassette) into the genome. The results demonstrated that individual unsaturated bonds of membrane lipids in this Synechocystis strain can be specifically deleted by the stepwise disruption of the genes for desaturases.
GROWTH RATE The wild-type, Fad6 (defective in the expression of the desD gene) and Fad6/desA::Km r cells of Synechocystis sp. PCC6803 grow at similar rates during the exponential phase at 34°C. At 22°C, the wild-type and Fad6 cells grow at about the same rate, but the Fad6/desA::Km r cells grow at a markedly lower rate. These observations suggest that disruption of the desA gene or the elimination of the ∆12 double bond from the membrane lipids has a deleterious effect on the growth of this cyanobacterium at the low temperature (144) .
CHILLING SENSITIVITY When wild-type Fad6 and Fad6/desA::Km r cells that had been grown at 34°C were exposed to a low temperature, the extent of photoinhibition of photosynthesis, which was assayed at 34°C (31, 32, 144), depended on the extent of unsaturation of membrane lipids (Figure 3) . At 10°C, the Fad6/desA::Km r cells, which contained only monounsaturated and saturated lipid molecular species, suffered the most severe photoinhibition among the three types of cell, whereas the wild-type and Fad6 cells were indistinguishable, and levels of photoinhibition were insignificant. At room temperature, the photoinhibition was less significant than at low temperatures in all the strains, but the Fad6/desA::Km r cells showed the highest degree of photoinhibition among the three types of cell (Figure 3) (31, 32, 144 ). Photosynthetic electron-transport activities were, by contrast, unaffected by the changes in the extent of unsaturation of membrane lipids (31). These results suggest that introduction of the second double bond into the membrane lipids protects the cells against photoinhibition, in particular at low temperature.
HIGH-TEMPERATURE SENSITIVITY In contrast with the severe damage to the photosynthetic machinery at low temperature with decreases in the unsaturation of membrane lipids, the sensitivity to high temperature of the photosynthetic machinery was barely affected or was only slightly reduced by a decrease in the unsaturation of membrane lipids (29, 143). Again, our results clearly refute the possibility that in cyanobacteria unsaturated membrane lipids might be unfavorable for high-temperature tolerance (98, 102). We have found recently that the high-temperature tolerance of photosynthesis that is acquired by a change in the growth temperature is caused by protein factors (90, 91) .
Expression of the Gene for a Desaturase in Synechococcus sp. PCC7942
INCREASES IN LEVELS OF POLYUNSATURATED FATTY ACIDS
Synechococcus sp. PCC7942 (Anacystis nidulans strain R2) is a Group 1 strain of cyanobacteria (84) , and it is unable to introduce a second double bond into monounsaturated fatty acids (84) . We transformed wild-type cells of this strain with the desA gene of Synechocystis sp. PCC6803 in an attempt to increase the extent of unsaturation of membrane lipids (109, 142) . Figure 2B shows the changes in the composition of lipid molecular species in cells of the wild-type strain and in cells that had been transformed with the desA gene. The desA gene endowed the Synechococcus strain with the novel ability to synthesize 16:2(9, 12) and 18:2(9, 12) at the sn-1 position.
CHILLING SENSITIVITY When wild-type cells and cells that had been transformed with a vector plasmid were exposed to temperatures below 10°C, the photosynthetic activity decreased irreversibly; more than 50% of the activity was lost during incubation at 5°C for 60 min (142, 143) . The cells transformed with the desA gene, by contrast, did not show any significant changes in photosynthetic activity under the same conditions (142) . These observations demonstrate that an elevated level of unsaturation of membrane lipids enhances the low-temperature tolerance of Synechococcus sp. PCC7942. This result is consistent with the observations in Synechocystis sp. PCC6803, in which the extent of unsaturation of membrane lipids was decreased, with a loss of low-temperature tolerance, by the disruption of genes for the desaturases.
HIGH-TEMPERATURE SENSITIVITY We have also compared wild-type and transformed cells of Synechococcus with respect to the high-temperature tolerance of the photosynthetic machinery and photosynthetic electron transport (143) . No detectable changes accompanied the increases in the extent of unsaturation of membrane lipids.
MOLECULAR MECHANISM OF LOW-TEMPERATURE PHOTOINHIBITION REGULATED BY THE UNSATURATION OF MEMBRANE LIPIDS
For oxygenic photosynthetic organisms, light is an absolute prerequisite for photosynthesis, but, at the same time, it is harmful to the photosynthetic apparatus (2). There is a general consensus that the light-induced damage to the photosynthetic machinery is particularly serious in photosystem II (PSII) (2, 99). The photoinhibition of photosynthesis is such a major stress that the rate of light-induced inactivation of the reaction center exceeds the rate of the recovery process from the light-induced inactivated state (2). Furthermore, photoinhibition is aggravated if strong light is combined with other stresses, such as low temperature (2). Then the question arises as to how unsaturated membrane lipids might alleviate the low-temperature-induced photoinhibition. Do they suppress the light-induced inactivation process, or do they accelerate the recovery process?
Photoinhibition in Transgenic Tobacco Plants
The level of cis-unsaturated molecular species of PG does not affect the process of light-induced inactivation of photoinhibition in transgenic tobacco. This conclusion is based on the observation that the photoinhibition at high and low temperatures of leaf discs from both pSQ-and pBI121-transformed plants occurs at about the same rate if the recovery from the photoinhibited state is blocked by administration of lincomycin, an inhibitor of protein synthesis (75) . In contrast, the recovery from the photoinhibited state does occur under weak illumination in leaf discs that have been photoinhibited to a certain level (about 80%). During the recovery period, wild-type and pBI121-transformed tobacco plants resume photosynthesis at a rate equal to 50-60% of the original rate, whereas the recovery of the pSQ-transformed plants is much slower than that of the pBI121-transformed plants (Figure 4) . These results indicate that cisunsaturated molecular species of PG accelerate the recovery of the photosyn-thetic machinery from chilling-induced photoinhibition. Recently, it was reported (9) that there are no significant differences in the fluorescence parameters of photosynthesis between Arabidopsis plants transformed with the plsB gene and wild-type plants. However, in the cited study, the chilling-induced photoinhibition was not examined by dissecting the photoinactivation process and the recovery process.
Photoinhibition in Synechocystis sp. PCC6803
Results similar to those described above have been obtained with Synechocystis sp. PCC6803 strains with different levels of unsaturation of membrane lipids (32). Under photoinactivation conditions with recovery blocked by lincomycin, there is no significant difference among the rates of photoinhibition among different strains with different levels of unsaturation of membrane lipids (32). By contrast, under recovery conditions when the photoinactivation process is negligible, an elevated level of unsaturation of membrane lipids considerably enhances the rate of recovery from photoinhibition. Therefore, it seems very likely that the apparent enhancement of the photoinhibition of photosynthesis in intact cells at low temperature might be caused by disruption of the recovery process (32). This conclusion is consistent with that drawn from transgenic tobacco plants, and it suggests that the unsaturation of membrane lipids is definitely important for the survival of oxygenic photosynthetic organisms at low temperature.
Turnover of the D 1 Protein
According to a current hypothetical molecular mechanism of photoinhibition in vivo (1, 2), the photoinactivation process is caused by the light-induced damage to the D 1 protein of the PSII reaction center (85) 
CHILLING SENSITIVITY OF ARABIDOPSIS MUTANTS AND OTHER TRANSGENIC PLANTS
Several Arabidopsis mutants that are defective in lipid-synthesizing activities have been shown to exhibit an altered growth phenotype at low temperature. The fad5 (previously designated fadB; defective in chloroplast sn-2-palmitoyl-MGDG desaturase) and fad6 (previously designated fadC; defective in chloroplast ∆12 desaturase) mutant plants are characterized, at low temperatures, by leaf chlorosis, a reduced growth rate, and changes in chloroplast morphology, such as a decrease in size and appressed regions of thylakoid membranes (46) . The chilling-induced phenotypes of these mutants are similar to those of cyanobacterial strains with decreased levels of the ∆12 double bond. The fad2 mutant (defective in microsomal ∆12 desaturase) had a greatly reduced rate of stem elongation at 12°C and died at 6°C (71).
Kodama et al (57) reported that chilling-induced damage to very young tobacco seedlings could be alleviated by a slight increase in levels of 18:3 as a result of overexpression of the Fad7 gene of Arabidopsis that encodes a plastid-located ω3 desaturase. Because the changes in the extent of the unsaturation are very minor, it is very unlikely that the change in chilling sensitivity in this case is caused by a membrane-related mechanism.
TEMPERATURE ACCLIMATION
Desaturation of Membrane Lipids
It is important for living organisms to maintain the fluidity of their cell membranes at a certain level, and this requirement is achieved by changes in the levels of unsaturated fatty acids in membrane lipids that are catalyzed by fatty acid desaturases (15, 107). Several mechanisms for the regulation of low-temperature-induced desaturation of fatty acids have been reviewed, as follows (15, 25, 139). 1. The concentration of oxygen, a substrate of desaturases, limits the rate of desaturation of fatty acids in some plant systems, e.g. nonphotosynthetic plant tissues (35) and cultured sycamore cells (103) . 2. The importance of the synthesis de novo of desaturases in response to low temperature was first demonstrated by Fulco and coworkers (25), who observed the lowtemperature-induced synthesis of an enzyme responsible for the ∆5 desaturation of 16:0 in Bacillus megaterium. A similar response in terms of the synthesis of fatty acid desaturases has been found in Tetrahymena (139) . 3. Although the second mechanism is considered the most likely in the regulation of the unsaturation of membrane lipids in Tetrahymena, there remains the possibility that at an early stage of the low-temperature response, the desaturase itself is activated by the decrease in the fluidity of the membrane lipids that is caused by low temperature (43, 125, 139) . 4. It has also been proposed that the relative rates of biosynthesis of saturated vs unsaturated fatty acids control the levels of unsaturated fatty acids in safflower seeds (7).
Cyanobacterial cells respond to low temperature by an increase in the level of unsaturated fatty acids in membrane lipids (77, 80, 115, 146) . Therefore, the regulation of the activities of acyl-lipid desaturases has been examined in Synechocystis sp. PCC6803, from which all four acyl-lipid desaturases have been cloned. The crucial step in the regulation of the unsaturation of membrane lipids in cyanobacterial cells is the synthesis de novo of acyl-lipid desaturases. The chilling-induced desaturation of fatty acids can be inhibited by rifampicin and chloramphenicol but not by cerulenin, an inhibitor of the synthesis of fatty acids (67, 116, 146) . Northern blot analyses (67) have indicated that the level of the mRNA for the ∆12 desaturase (desA) increases tenfold upon a decrease in ambient temperature from 36°C to 22°C (67) , which suggests that the chilling-induced desaturation of membrane lipids might be caused by upregulation of the expression of the gene for the desaturase. Further studies suggested that the increase in the level of desA mRNA at low temperature is caused by the stabilization of the mRNA and by the enhanced transcription of the desA gene (D Los, M Ray & N Murata, unpublished information).
The effect of low temperature on the upregulation of expression of the desA gene can be mimicked by the catalytic hydrogenation of only a small portion of the plasma membrane lipids in cells of Synechocystis sp. PCC6803 (141) . After this intervention, the level of desA mRNA increased tenfold within 1 h (141). This time course was similar to that observed after a shift from 36°C to 22°C. Therefore, it appears that changes in membrane fluidity could be involved in the initial event that leads to the expression of genes for desaturases in cyanobacterial cells.
The effect of temperature on the activity of desaturases has been investigated in extracts of E. coli cells that overexpress the product of a desA gene (S Pampoon, D Los & N Murata, unpublished information). The desaturase exhibited lower activity at lower temperatures, as is observed with most other enzymes.
The Signal Transduction Pathway to the Expression of Cold-Inducible Genes
Low temperature induces a number of changes in cellular metabolism. These changes include increases in the extent of unsaturation of fatty acids and phospholipid content, changes in protein composition, and induction of coldinducible genes. Cold-inducible genes have been cloned from numerous plant species (10, 11, 27, 28, 44, 45, 58, 60, 61, 72a,b, 86, 92, 93, 96, 108, 150, 151, 153, 154) and from cyanobacteria (113, 114) . The genes can be classified as dhn-, lea-, and rab-relabled genes [dehydrin-(5, 12), late embryogenesisabundant-(4), and responsive to abscisic acid- (124) related genes]. Other cold-inducible genes encode polypeptides that are homologous to the product of a human tumor gene, bbc1 (108) , to a lipid transfer protein (45) , and to the translation elongation factor 1α (19). In addition, RNA-binding proteins and the ribosomal protein S21 have been identified as products of cold-inducible genes in cyanobacteria (113, 114) . The expression of these genes at low temperature is controlled by various mechanisms, and some of the genes are also induced by environmental stresses other than low temperature. However, all attempts to improve chilling tolerance by inducing overexpression of any one of these genes have been unsuccessful, which perhaps indicates that cooperation of products of cold-inducible genes is necessary for expression of a chilling-tolerant phenotype.
Much current attention is being focused on the way in which a low temperature is perceived by the cell and the way in which the signal is transduced to the nucleus to induce the expression of cold-inducible genes. To understand how the temperature signal might regulate the levels of transcripts of genes for the desaturases, we have to take into consideration the following results. Monroy & Dhindsa (73) demonstrated that an influx of Ca 2+ ions from the extracellular apoplasmic space into the cytoplasm is involved in the expression of the cas (cold-acclimation specific) genes in alfalfa cells in suspension culture. They also examined the possible involvement of protein phosphorylation in cold acclimation (74) and have cloned several Ca 2+ -dependent protein kinases from alfalfa by a consensus sequence-based amplification method (73) . Shinozaki and his coworkers (40) 
